factor of five to 2x10 5 RLU (Fig. 5B ) both together strongly indicating for a heat stress responsive 1 6 9 operon.
1 7 0
Next, we assessed the regulation by CRP. In an inverse correlation to the extracellular 1 7 1 glucose concentration, this transcription factor activates metabolic processes that facilitate the 1 7 2 metabolic conversion of alternative carbon sources. Notably, the glucose content is not measured 1 7 3 directly but is derived indirectly from the intracellular cAMP concentration which in turn relies on the 1 7 4 activity of a sole cAMP-synthetizing adenylate cyclase CyaA (Lawson et al., 2004) . Accordingly, 1 7 5 7 luminescence was analyzed in the -65/+75 promoter fusion, which should comprise the full CRP DNA-1 7 6 binding motif. Here, LB/Miller growth conditions, with amino acids as sole carbon source, were 1 7 7 compared on the one hand to a culture supplemented with 10mM of glucose and on the other hand to 1 7 8 a Δ cyaA strain (Baba et al., 2006) . For the latter two conditions, the light output was strongly 1 7 9 diminished ( Fig. 5D ) corroborating our assumption about carbon catabolite repression. This is in line 1 8 0
with an earlier global study that suggested CRP-dependent regulation of the frlABCD operon 1 8 1 (Shimada et al., 2011) . We also note that glucose and cAMP dependency is lost with the truncated 1 8 2 promoter fusion -32/+75 (Fig. 5D ). However, the overall luminescence is in general strongly 1 8 3
diminished. As this construct no longer encompasses the full CRP-binding motif, RNA-polymerase 1 8 4 recruitment is impaired (Fig. 5A ).
8 5
Lastly, we employed the Lux-reporter to investigate transcriptional regulation by FrlR. Our 1 8 6
initial growth experiments (Fig. 4A ) indicated the role of the protein as negative regulator repressing 1 8 7
P frlABCD under non-inducing conditions. However, the strong light emission for wild-type cells harboring 1 8 8 P frlABCD -lux fusions in LB/Miller seems to contradict this assumption. We hypothesized, that the 1 8 9
plasmid-borne nature of the reporter might imbalance the ratio of FrlR and promoter abundance in 1 9 0 favor of the latter. Accordingly, increasing the FrlR copy number -by introducing an arabinose 1 9 1 inducible plasmid-based copy of frlR (pBAD33-FrlR) -should be enough to silence the promoter and 1 9 2 this was in fact what we observed ( Fig. 5B ). We also note that cells lacking frlR produced 1.5 fold the 1 9 3 light of wild-type cells further supporting that FrlR is a transcriptional repressor. We ultimately analyzed 1 9 4 whether this repression is ε /α-FrK dependent. Consequently, bioluminescence development was now 1 9 5 measured in Δ frlR cells in the concomitant presence of a P BAD controlled, plasmid-encoded copy of 1 9 6 frlR (pBAD33-FrlR) and the -219/+75 P frlABCD -lux reporter construct. In this scenario, light emission was 1 9 7 strongly reduced (even without arabinose induction) but becomes elevated again when adding 1 mM 1 9 8 ε -FrK ( Fig. 6 ). On the contrary, promoter repression was maintained with 1 mM α -FrK. These data 1 9 9
confirm that specificity for the ε -glycated form is not limited to the metabolism, but also extends to 2 0 0 regulation. To define the sensitivity of the system we performed a titration series with ε -FrK (10 µM-10 2 0 1 mM) and thus determined that the system responds to concentrations as low as 10 µM. The strength 2 0 2 of depression is gradual with a maximum in the low mM range. Taken into account that the FrK uptake 2 3 1 observed a FrlR melting temperature of 62°C in combination with frlO, whereas it was 3°C lower in the 2 3 2 mixture with the random DNA-fragment.
3 3
As these data are only qualitative, we next employed Surface Plasmon Resonance 2 3 4 spectroscopy (SPR) in order to determine the binding kinetics (association rate k a and dissociation 2 3 5 rate k d ) as well as the affinity (K D ) of FrlR and its cognate recognition motif ( Fig. 7C, Fig. S1 ). B. subtilis was also included in the study and served as negative control. Binding to 5'-GT CATGTT 2 4 8
AC-3' was tested once more employing the P frlABCD -lux reporter. Strikingly, despite the significant 2 4 9 differences in sequence composition of their cognate DNA-binding motifs (Fig. 7D ), the two proteins 2 5 0
FrlR Bsu and FraR but not NagR negatively regulated P frlABCD dependent luxCDABE expression. We 2 5 1 hypothesized therefore that rather the spacer length between the flanking GT and AC -which are six 2 5 2 base pairs (bp) in case of FrlO Eco -is most important. This would explain not only the lack of 2 5 3 repression with NagR (10 bp spacer length) but also the more subtle differences we observed when 2 5 4
comparing the light output of cells encoding FrlR with those harboring frlR Bsu and fraR. Whereas a 2 5 5 leaky frlR expression (no arabinose for promoter activation added) is sufficient for efficient silencing, 2 5 6
FraR with its presumed seven bp long spacer completely lost its regulatory capability under non-2 5 7 inducing conditions. On the contrary also FrlR Bsu did repress FrlO Eco , which is plausible as FrlO Bsu also 2 5 8 encompasses six bp. The reduced repression efficiency compared to E. coli FrlR can be explained by 2 5 9 1 0 arabinose induced while with the full-length FrlR even low protein levels diminished the light output 2 6 8 ( Fig. 7E ). These data strongly imply that indeed the first 77 residues fold into a wHTH-domain that is 2 6 9 sufficient to recognize the promoter. However, full-length FrlR is needed for high affinity binding.
7 0
Next, we generated FrlR mutants based on the sequence alignment with NagR ( Fig 2) . In 2 7 1 NagR, the wing motif reaches into the minor groove and contacts the flanking guanosine via the 2 7 2 carbonyl oxygen of Gly69 (Fillenberg et al., 2015) . In addition, the two conserved arginines Arg38 and 2 7 3
Arg48 specifically recognize further guanosines of the operator, by forming bidental contacts with their 2 7 4 corresponding guanine base. Taken together, these three amino acids are assumed to be the 2 7 5
hallmark feature of the specific interaction of NagR with DNA (Fillenberg et al., 2015) . Two of the 2 7 6
contacts -Gly69 and Arg48 -are also conserved throughout FrlR/FraR homologs (Fig. 2) . Accordingly, 2 7 7
we mutated the corresponding residues -Arg49 and Gly70 -into alanine resulting in the FrlR variants 2 7 8
R49A and G70A. We additionally mutated the putative nucleic acid interacting residues N39, I50, R67 
8 3
This led us to conclude that FrlR binds to its recognition motif in a way similar as described for NagR. al., 2015 al., , Suvorova et al., 2015 . Whether this mode of action also applies for FrlR we examined the 2 9 2 dimerization tendency in vitro and in vivo. For the in vivo analysis, the bacterial-two-hybrid system clones with the wHTH-domain remained dark, confirming our initial assumption. We also tested 3 0 3
whether FrK influences interaction strength or might even interfere with dimer formation.
0 4
Consequently, we measured bioluminescence development quantitatively by recording the light output 
1 5
To recapitulate our in vivo observation in vitro, we investigated the oligomerization behavior of 3 1 6 the UTRA domain by determining its molecular weight by size exclusion chromatography ( Fig 8C) 3 3 1
The weak interaction with ε -FrK is confirmed by ligand-based titration using saturation transfer 3 3 2 difference (STD)-NMR, where no magnetization transfer could be observed from protein to ligand 3 3 3
suggesting an affinity weaker than 10 -3 M for the FrlRε -FrK interaction ( Fig. S2 B, GlcNAc, N-acetylglucosamine-6-phosphate (Resch et al., 2010 , Rigali et al., 2002 . Analogous to this, 3 4 3 the most probable candidate is ε -FrK-6-phosphate, which is generated by the kinase FrlD as first step 3 4 4 of the degradation pathway (Fig. 1 ). If the assumption is true, loss of FrlD will abolish unlike frlD + cells -did not increase with external supplementation of the ARP (Fig. 9 ).
4 9
The sequence comparison of FrlR and NagR revealed high conservation of the phosphate-3 5 0 binding pocket (Fig. 2) . Therefore, we decided to investigate, whether ε -FrK-6-phosphate might be 3 5 1 accommodated analogously as N-acetylglucosamine-6phosphate in NagR (Fig. 3) . Accordingly, we 3 5 2 generated the substitution variants located in the UTRA domain, namely T91A, T133A, T166A, T168A, output compared to cells lacking frlR (Fig. 9) . The luminescence increased by more than 5-fold when 3 5 7
the culture was supplemented with the ARP. Deviating from this behavior T166A, T168A, and D182A 3 5 8 did not respond to the presence of ε -FrK with P frlABCD remaining repressed. Similarly, T33A became 3 5 9
blind to the inductor but at the same time also lost its DNA-binding capability. We hypothesize, that In the present study, the transcriptional regulation of FrK metabolism in E. coli was investigated. Our 3 6 7
data show that the expression of the frlABCD operon is controlled by global and specific stimuli. We and Ackermann, 2015) would be particularly advantageous here: Limiting the FrK metabolism to a 3 8 0 subset of cells allows the simultaneous utilization of different carbon sources by the entire population.
8 1
In the intestine, E. coli is confronted with exactly such a situation and is thus able to compete with 3 8 2 other bacteria of the gut microbiota. In the same context, the specialization of the metabolism towards 
Bacterial strains, plasmids and growth conditions
Bacterial strains and plasmids and primers are listed in Tables S1-3. E. coli was routinely cultivated in 4 0 5 LB according to the Miller modification (Bertani, 1951 , Miller, 1992 GmbH. A detailed description for plasmid construction is given in Table S2 . were detected by online post-column derivatization with ninhydrin and UV-detection (570 nm).
2 8
Calibration was performed by an external standard of proteinogenic amino acids, and both FrK 4 2 9
derivatives were quantified as lysine (Hellwig et al., 2011) . 
3 5
Subsequently, the proteins were transferred onto nitrocellulose membranes, which were then 4 3 6 subjected to immunoblotting. In a first step the membranes were incubated either with 0.1 μ g/mL Anti-4 3 7 6×His ® antibody (Abcam) to detect EF-P, or with 0.1 μ g/ml Anti-GFP (Abcam) antibody. These primary Protein-protein interactions were detected using the bacteria adenylate cyclase two-hybrid system kit 4 4 5
(Euromedex) according to product manuals (Karimova et al., 2000) . This system is based on 
8 2
Before immobilizing the DNA fragments, the chips were equilibrated by three injections using 1 M 4 8 3
NaCl/50 mM NaOH at a flow rate of 10 µl min -1 . Then, 10 nM of the respective double-stranded 4 8 4 biotinylated DNA fragment was injected using a contact time of 420 sec and a flow rate of 10 µl min -1 . in the sensorgrams at the beginning and the end of the injection emerged from the runtime difference 4 9 8
between the flow cells of each chip.
9 9
Calibration-free concentration analysis (CFCA) was performed using a 1 µM solution of purified FrlR, 5 0 0 which was stepwise diluted 1:2, 1:5, 1:10, and 1:20. Each protein dilution was injected two-times, one FlrR was determined as D=1.02x10 -10 m 2 /s. The initial rates of those dilutions that differed in a factor of 5 1 2 at least 1.5 were considered for the calculation of the "active" concentration, which was determined as in the resepctive buffer (Table S4 ). The proteins were purified using Ni-nitrilotriacetic acid (Ni-NTA; 5 2 0
Qiagen) according to the manufacturer's instructions, using 20 mM imidazole for washing and 250 mM 5 2 1 imidazole for elution. Subsequently, imidazole was removed by dialysis o/n at 4 °C in buffer 1. The
2 2
His 6 -SUMO tag was cleaved by incubation with His 6 -Ulp1 (Starosta et al., 2014) overnight.
2 3
Subsequently, tag-free FrlR was collected from the flow through after metal chelate affinity 5 2 4 chromatography.
2 5
Size exclusion chromatography was performed in the respective buffer (Table S4 ) using a Superdex 5 2 6
200 Increase 10/300-Gl column with a flow rate of 0.3 ml/min on an Äkta purifier (GE Healthcare).
2 7
Four milligrams of protein was loaded in a volume of 0.4 ml (8,7 mg/ml). Eluting protein was detected 5 2 8
at 280 nm. Fractions of 0.5 ml were collected. All NMR spectra were acquired using an Bruker Avance III Bruker NMR spectrometer with a magnetic 5 3 2
field strength corresponding to a proton Larmor frequency of 700 MHz Larmor frequency equipped 5 3 3 with a room temperature triple resonance gradient probe head. NMR experiments were performed in a 5 3 4
buffer containing 100 mM potassium phosphate, 300 mM NaCl, pH 6.5 at 298 K. Two dimensional were used to inoculate (OD 600 of 0.1) fresh LB medium supplemented with ampicillin and arabinose or 5 5 2
